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Design considerat~.o~s and operating procedures were investi-
gated for nitrogen removal in an extended aeration-denitri-
fication facility. Both past and present removal efficien-
cies were evaluated for the facility, along with capital and 
operating cost data. 
The findings of this research indicate that at very long 
detention times, significant nitrification and denitrifica-
tion occurred in the plant without the use of chemicals. 
Overall nitrogen, BODs, and suspended solids removals were 
extremely high. 
The significance of this research is that future plants may 
achieve high rates of nitrogen removal through innovative 
design and operating procedures without the use of costly 
chemicals. However, capital costs needed to achieve longer 
detention times will have to be evaluated for the individual 
plant. 
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I. INTRODUCTION 
Results of water quality modeling in the State of 
Florida have_ .indicated that advanced waste treatment 
1 
(A.W.T.) or at least treatment to a degree greater than 
secondary is necessary in some areas. Adv·anced waste 
treatment1 as defined in Chapter 17-3.04(2) (b) of the 
Rules of the Florida Department of Pollution Control, 
1s an effluent containing not more than 5 mg/1 bio-
chemical oxygen demand (BOD5 ), 5 mg/1 suspended solids, 
3 m9/l total nitrogen (expressed as N), and 1 mg/1 
total phosphorous (expressed as P) . The Florida De-
partment of Pollution Control now requires advanced 
waste treatment for all sanitary wastes which are dis-
charged to the following surface waters: Old Tampa 
Bay, Tampa Bay, Hillsborough Bay, Boca Ciega Bay, St. 
Joseph Sound, Clearwater Bay, Sarasota Bay, Little 
Sarasota Bay, Roberts Bay, Lemon Bay, Punta Gorda Bay, 
and any bay, bayou or sound tributary thereto (See 
Figure 1). In addition, the Florida Department of 
Pollution Control may require advanced waste treatment 
to be utilized for the disposal of sanitary wastes in 
other areas as deemed necessary. Finally, those coun-
ties in Florida which possess local pollution control 
programs may set effluent limitations which are strict-


























1"=78 Statute Miles 
Fig. 1. -- Florida Waters For Which 
Advanced Waste Treatment 
Is Required Prior To Dis-





In the Palm _aeach County Water Quality Management Plan, 
it was suggested that the Central Palm Beach County 
Plant be designed as an extended aeration facility with 
as ultimate capacity of 100 MGD. The Plan has been 
approved by both the Florida Department of Pollution 
Control and the Environmental Protection Agency. Plans 
and specifications for the initial phase of treatment 
have been started. 
3 
In central Florida, Dr. M. Wanielista has suggested, 
1n a preliminary report to the East Central Florida 
Regional Planning Council, that extended aeration 
facilities with recharge ponds be used in Orange, 
Seminole and Osceola Counties. 
OBJECTIVES 
The objective of this research is to investigate 
design considerations and to develop operation 
procedures for extended aeration-denitrification 
facilities. Specifically, the design criteria and 
operation data for an extended aeration-denitrifi-




The scope of this research 1s both broad and, at 
the same - time, limited. It is broad in that the 
design of an existing aeration-denitrification 
facility is described along with past and present 
removal efficiencies. It is limited in that the 
discussion of actual removal processes within the 
plant is restricted to proposed nitrogen removal 
by biological nitrification-denitrification. 




The following is a discussion of current techniques and 
design considerations associated with biolqgical nitro-
gen removal. The facility which is the subject for 
this investigation is an extended-aeration plant which 
will employ biological nitrification-denitrification 
for nitrogen removal, chemical precipitation for phos-
phorous removal, and microstraining for additional re-
moval {polishing) of solids. 
BIOLOGICAL NITROGEN REMOVAL 
Nitrogen gas comprises approximately 80% of the earth's 
atmosphere. Many microorganisms, such as heterocysts 
and anaerobic bacteria, have the capacity to convert 
. this .gaseous nitrogen into a biologically utilizable 
form. This process is called "nitrogen fixation". The 
significance of "nitrogen fixation" is that it can 
change a pristine body of water that is low in both or-
ganic materials {oligotrophic water) and in combined 
inorganic nitrogen to a body of water that is enriched 
in combined nitrogen. Also, many investigators believe 
that nitrogen and phosphorous are the principal limit-
ing nutrients which govern algae growth in most lakes, 
6 
and nitrogen in the fixed form of ammonium and nitrate 
ions is considered to be one of the major nutrients 
supporting blooms of green and non-nitrogen fixing 
4 
blue-green algae. 
An undesirable effect of nitrate can be found in medi-
cal literature. It has been shown that young infants, 
usually less than six months old, receiving artificial 
feeds of milk diluted with water containing more than 
about 10-20 ppm of nitrate (expressed as N) may develop 
a disease called "methemoglobinemia". This disease, 
which is often fatal, is characterized by the develop-
ment of a greyish-blue or brownish-blue cyanosis which 
eventually covers the whole body and 1s caused by the 
partial conversion of haemoglobin to methaemoglob~n by 
5 
nitrites forrn~d by the reduction of nitrates. 
In the last decade, the theory that unnitrified efflu-
ents are not damaging to streams has been disproven, 
and many sewage treatment plants of the future will 
probably be required to accomplish extensive nitrifica-
6 
tion. Removal through nitrification follo~ed by deni-
trification appears to be the most promising method at 
· this time. It has the advantage of returning nitrogen 
to the atmosphere in its original form. 
7 
PRINCIPLES AND KINETICS OF NITRIFICATION 
Decomposition of nitrogenous organic matter either by 
aerobic or anaerobic bacteria gives rise to ammonia. 
This process, called ammonification, is a first order 
- - - 7 
reaction (See Figure 2}. The oxidation of ammonia, 
or biological nitrification, is essential .to nitrogen 
removal. To assure complete denitrification, nitrifi-
cation must also be complete. Biological nitrification 
occurs in two stages. Simple chemical descriptions of 
the two phases are: 
Overall: 
2NH4+ + 404 --~~~ 2N03 + 4H+ + 2H20 
( 2 8 as N} ( 12 8} 
Conversion of amrnon1a to nitrites is accomplished by 
Nitrosomonous and to a lesser degree by Nitrosococcus, 
Nitrosospira, Nitrosocystis, and Nitrosogloes. Conver-
sian of nitrites to nitrates is accomplished by Nitro-
bactor. These groups of chemautotrophic bacteria use 
co2 as a source of carbon for cell material and obtain 
energy for the process by .oxidizing inorganic sub-
S 
strates. Both of these conversion processes are 
zero-order reactions. (See Figure 3). 
9 
According to Beckman et al, Nitrification proceeds 
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Fig. 2.-- Order of the Aerobic Ammonification 
Reaction. The Experimental Conditions 
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Fig. 3. -- Effect of Nitrosomonas Concentration 7 




nutrients (especially inorganic carbon) and when the 
organic carbon source is low. Organic carbon controls 
the population dynamics of the heterotrophic bacteria. 
An increase in organic carbon results in an unfavor-
able balance of heterotrophic and autotrophic organ-
ismsin the system. For nitrification to proceed at 
the maximum rate, it 1s paramount that the biological 
system operate under high levels of ammonia, oxygen, 
and nutrients with low levels of organic carbon. 
Temperature, pH, dissolved oxygen, BOD, mixed liquor 
volatile suspended solids, detention times, food to 
microorganism ratios (loading rates), sludge age (mean 
cell residence time) , and retur sludge rates are all 
influential on the nitrification process. The rate of 
nitrification, usually defined as the weight ratio of 
ammonia nitrogen oxidized per day to the MLVSS, in-
creases with temperature through the range of 5°-30°C. 
10 11 
Studies conducted by Borchardt, 
12 
Ludzack et al, 
Sawyer and Rohlich, 
9 
support this (See Figure 4). 
Beckman et al reported an optimum temperature of 
and 
The effect of pH on the respiration rate of Nitrosomo-
6 
nous, as reported by Meyerhof and Engel and Alexan-
12 
der, is shown in Figure 5. The effect of pH on 
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Nitrobactor, as reported by Meyerhof, is shown in 
13 
Figure 6. Studies reported by the Environmental Pro-
tection Agency indicate the optimum pH for nitrifica-
tion to be 8.4, with 90 percent of the maximum rate 
occurring in the range of 7.8 to 8.9 (See Figure 7). 
The E.P.A. recommends, however, that a pH of 7.6 to 
7.8 be maintained in nitrification tanks in order to 
allow carbon dioxide to es·cape into the atmosphere. 
9 
Beckman et al found that pH in the range of 7.0 to 
8.0 had no significant influence on the rate of amrnon-
13 
ia removed. Downing and Knowles report that pH lev-
els above 7.2 do not increase the rate of nitrifica-
14 
tion. Haug and McCarty, investigating nitrification 
in submerged filters, find that the nitrifying organ-
isms are able to acclimate to low pH levels of 6.0 
within about 10 days, and develop the ability to oxi-
dize ammonia as rapidly as at pH levels of 7.0 or more. 
The nitrification process destroys alkalinity and the 
pH may fall to levels that will inhibit nitrification 
unless excess alkalinity is present in the wastewater 
or lime is added to maintain favorable pH levels. 
6 
The E.P.A. states that for operation under most ad-
verse temperature conditions and at operating pH, 
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Fig. 6. -- Rate of Oxidation of 





















































































































































pH into the desired range, and then 5.4 pounds of hy-
drated lime per pound of ammonia nitrogen will be re-
quired to main~ain the pH. In any event, sufficient 
alkalinity should be present to leave a residual of 
from 30 to 50 mg/1 after nitrification is completed. 
6 
The E.P.A. reports that in studies conducted on a 
pilot nitrification unit, there was apparently no in-
hibition of nitrification occurring at dissolved ox-
ygen {DO) levels exceeding 1 mg/1 {See Figure 8) • It 
also recommends a design b·ased on maintaining 3.0 mg/1 
of DO in the mixed liquor under average loading condi-
tions, and a minimum of 1.0 mg/1 under peak loading. 
9 
Beckman et al found complete nitrification in activa-
ted sludge plant scale experiments at DO levels of 
15 
1.6 mg/1. Downing found that at least 0.5 mg/1 of 
DO was required for nitrification in biological treat-
16 
ment, while Wuhrmann found appreciable nitrification 
at oxygen concentrations of 1 mg/1. Theoretically, 
oxygen requirements should be based on the fact that 
each pound of ammonia nitrogen that is ~itrified re-
quires 4.6 pounds of oxygen. An additional oxygen 
allowance must be made for carbonaceous BOD. 
10 
r-1 
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Average Aeration Tank D.O., mg/1 
Fig. 8. -- Relationship of Residual 
Ammonia to Dissolved Oxy-
6 gen in Nitrification Unit. 
17 
18 
Because the concentration of organic matter in the 
waste controls the growth of heterotrophic organisms, 
high organi~ ~Qadings produce increased sludge quanti-
ties (heterotrophs) that must be wasted from the sys-
tern. This increased sludge wasting reduces the cell 
residence time and removes both the hetertrophs and 
autotrophs from the system. · The substantially lower 
growth rate of the nitrifying autotrophs causes the 
heterotrophs to predominate and thus limits nitrifica-
-
tion. The E.P.A. 6 reports that instantaneous increases 
(from 50 to 110 mg/1) or decreases (from 50 mg/1 to 5 
mg/1) 1n BOD concentration did not effect the rate of 
nitrification. It concluded, however, that any sus-
tained high-BOD loading would eventually cause nitrifi-
cation- to cease. Sawyer"~- "believes that a BOD of 40 to 
50 mg/1 can be tolerated, while the EPA 6 states that 
BOD concentrations higher than 50 mg/1 in the nitrifi-
cation unit may interfere with winter operation. Mul-
b 
18 th . . b 1 . th . . . arger states at m1x1ng car on remova w1 n1tr1f1-
cation not only results in a loss of soluble carbon 
removal efficiency but necessitates a longer aeration 
time for nitrification. 
Mixed liquor volatile suspended solids (MLVSS) is an im-
portant influencing factor on nitrification. 6 The E.P.A. 
19 
states that although the fraction ofMLVSSattributable 
to nitrifying organisms is unknown,MLVSS concentrations 
of 1,500-2,000 mg/1 appear to be safe for design of ni-
trification systems receiving normal secondary efflu-
ents. Figure 9 suggests permissible nitrification tank 
loadings considering various MLVSSconcentrations. 
Nitrosomonous and Nitrobactor populations must be well 
established to achieve nitrification efficiency. It 
has been reported that an optimum population of nitri-
fiers can be maintained by operating at a ratio of 
about 0.35 between the weight of· BOD added to the sys-
tern per day and the weight of volatile suspended solids 
(VSS} in the activated sludge tank. Beckman et al 9 , on 
the ba~is of findings listed in Table 1, used an F:M 
ratio of 0.3 in the design of aeration tanks for corn-
bined carbon oxidation-nitrification in Michigan. They 
report that for nitrification with mixed liquor temper-
atures of SOap to 65°F, F:M ratios of around 0.25 are 
19 
optimum. Johnson and Schroepfer report that the F:M 
ratio for obtaining reasonably complete nitrification 
is probably in the range of 0.25 to 0.35. They also 
state that the F:M ratio 1s the governing parameter of 
operation, and that practically, low F:M ratios may be 
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SUMMARY OF FOOD: MICROORGANISM AND S~UDGE 
AGE REQUIREMENTS OF MIXED LIQUOR 
Temperature F:M Sludge Age NH 3 (OF) (days) 
65 and above 0.4 4 
55 0.35 4-5 











Beckman et al 
9 
found that armnonia removals decrease 
with decreasing sludge age. They suggested that sludge 
ages greater than 3 days are needed, with the optimum 
20 
age greater than 6 days. Mulbarger , and Jenkins and 
. 21 . . d . {d Garr1son report that operat1ng cell res1 ence t1me e-
fined as the pounds of solids under aeration divided by 
the pounds of solids lost 1n the effluent and wasted 
per day) must be equal to or greater than the recipri-
ocal of the growth or nitrification rate. 
There are numerous contradictions in the literature re-
garding detention times for nitrification. 
16 
Wuhrmann 
found that high levels of nitrification are possible at 
detention times of only 0.48 to 2 hours, while Bring-
22 
mann states that a 3 hour detention time is needed. 
15 
Downing et al found that a detention time in activated 
sludge units of at least 8 hours is needed. Beckman et 
9 
al , in designing a 46.0 mgd step-aeration activated 
sludge plant, used a detention time in the aeration 
tanks, including return sludge, of 7.0 hours for aver-
age flow. They also found that 5.0 hours of aeration 
was adequate for nitrification in plant-scale experi-
rnents at mixed liquor temperatures o·f 10°C. Johnson 
23 
19 
and Schroepfer proposed a detention time of 6 hours in 
the aeration tank for nitrification purposes, based on 
85% of raw waste flow entering the aeration tank. 
In addition to the influences on nitrification dis-
b 
6 1· . ub cussed a ove, the E.P.A. 1sts certa1n s stances 
which have an inhibiting effect on the nitrification 
process when present in certain concentrations. These 
9 
are listed in Table 2. Beckman et al found that slug 
dosages of zinc and nickel retarded the rate of nitri-




SUBSTANCES AND ASSOCIATED CONCENTRATIONS 
- .. - · 
WHICH INHIBIT NITRIFICATION 
6 
Halogen-substituted phenolic compounds, 0 mg/1 
Thiourea and thiourea derivatives, 0 mg/1 
Halogenated solvents, 0 mg/1 
Heavy metals, 10-20 mg/1 
Cyanides and all compounds from which hydrocyanic 
acid is liberated on acidification, 20 mg/1 
Phenol and cresol, 20 mg/1 
25 
PRINCIPLES AND KINETICS OF DENITRIFICATION 
The reduction of nitrates, or denitrification, can be 
brought abo~~ _b_y certain nitrate-reducing bacteria, 
especially in the presence of carbonaceous matter and 
of only limited amounts of oxygen. This happens in 
heavily polluted ponds or streams, and in filters that 
have become ponded or clogged. The ability to bring 
about denitrification is a characteristic of a wide 
variety of common facultative bacteria including the 
genera Pseudomonas, Achrombactor, and Bacillus. In 
the absence of molecular oxygen, these organisms use 
nitrites or nitrates as terminal electron acceptors, 
23 
oxidizing organic matter for energy. During deni-
trification, nitrates are reduced to nitrogen gas: 
There is. less information available about factors af-
fecting denitrification than for nitrification. Bau-
23 
mann states that there are three basic requirements 
for denitrification to proceed readily: an organic 
carbon source that can be utilized by the denitrifying 
organisms; a D.O. concentration of less than 0.5 mg/1; 
and a pH or about 6.5. 
Since effluents from nitrifying units are exception-
ally free of BOD5 , denitrification is very slow unless 
26 
a readily oxidizable source of carbonaceous matter is 
added. Methyl alcohol (methanol) is the cheapest corn-
rnercial source of carbonaceous matter at this time. 
Glucose (corn sugar) is the next cheapest source, but 
does not oxidize as completely and produce_s more 
6 
sludge. Raw waste has also been used as a carbon 
23 
source. McCarty selected five commercially avail-
able organic compounds for evaluation as an organic 
carbon source. They were: methanol, acetic acid, 
ethanol, acetone, and sugar. Based on cost factors, 
consumptive ratios, and removal rates, methanol was 
selected as the optimum carbon source. The following 
1s a theoretical representation of the overall reduc-
tion of nitrate to nitrogen gas as indicated in the 
denit~ification reaction with methanol: 
6N0 3- + SCH 30H + 6H+ = 3N2 + Sco2 + 13H20 
( 8 4 as N) ( 16 0) 
Thus, 1.9 pounds of nethanol are required for the de-
nitrification reaction alone to reduce one pound of 
nitrate nitrogen completely to molecular nitrogen. 
Also, the requirements for bacterial growth and deoxi-
genation must be satisfied through additional chemi-
23 
cals. McCarty et al fo~nd that the consumptive 
ratio, which is defined as the ratio of the total 
quantity of an organic chemical consumed during deni-
trification to the stoichiometric requirement for 
27 
denitrification and deoxygenation alone, was approxi-
25 
mately 1.3 to 1. Barth et a1 reported a higher 
6 
consumptive ratio of 2.1 to 1. The E.P.A. reports 
that from 3 to 4 pounds of methanol per pound of ni-
trate nitrogen are required to consume D .0 .. and leave 
sufficient residual to reduce the nitrate to nitrogen 
24 
gas. McCarty et al suggest a commonly used equation 
to estimate mehtanol requirements: 




Barth et al state that if sufficient organic carbon 
1s not added to the system, then the nitrate is large-
18 
ly converted to nitrite. Mulbarger reports that in-
termediate nitrite formed during denitrification was 
oxidized back to nitrate nitrogen in the postaeration 
process. On the other hand, the dosage of the added 
carbon source must be regulated very closely to pre-
vent odors from developing through conversion of sul-
8 
fates to hydrogen sulfide. Excess organic carbon 
also creates an undesirable residual BOD and is a 
waste of chemicals. 
25 
Barth et al estimated costs for methyl alcohol at 3¢ 
28 
per thousand gallons of wastewater for treatment 
plants in the 5 to 100 mgd range with a nitrate nitro-
20 
gen content of 20 mg/1 ~ Mulbarger reports costs for 
... - · 
methanol in his studies at Manassas, Virginia, in 1971 
23 
at $0.05/pound or 1.9¢/1000 gallons. Baumann esti-
mates that $10-$25/mi11ion gallons 1s required for 
operation, maintenance, power, and chemicals for de-
26 
nitrification systems. Savage and Chen quote the 
price of methanol as 2¢ per thousand gallons for 90% 
denitrification. Current cost estimates for purchase 
27 
of methanol are listed below: 
Quantity Price 
1-2 drums (55 gal./drum) $1.20/gal. 
3-9 drums (55 gal./drum) $1.05/gal. 
lQ or more drums $0.95/gal. 
7,000 gal. . tank truck $0.45-$0.50/gal . 
The denitrification reaction results in the formation 
of carbon dioxide and nitrogen gas. Since these both 
have limited solubility in water, the mixed liquor 
leaving the denitrification tanks becomes supersatur-
ated with nitrogen and carbon dioxide. Gas bubbles 
form and adhere to the MLVSS and inhibit settling in 
6 
the final clarifier. The E.P.A. recommends that 
aeration tanks be employed with 5 to 10 minutes de-
tention time to remove both the gas bubbles and the 
28 
excess methanol (postaeration) . Horstkotte et al 
29 
used an aerated stripping channel of 5 minutes resi-
dence time. However, they reported effluent BODs lev-
els as high as 106 mg/1 when methanol was overfed. 
They then installed an aerated stabilization tank fol-
lowing the denitrification tank, with a residence time 
of SO minutes, and a mildly aerated physical cond-
tioning channel between the aerated stabilization tank 
and the final clarifier. The purpose of the mildly 
aerated channel is to transfer the denitrified mixed 
liquor to the final clarifier while flocculating the 
particles which were broken-up in the aerated stabili-
zation tank. Results indicate that the aerated sta-
bilization tank formed a favorable environment for the 
oxidation of excess methanol. 
23 
Baumann states that a pH of about 6.S is required 
for denitrification to proceed rapidly. Studies by 
20 
Mulbarger have indicated that optimum pH for deni-
trifying organisms is in the range of 6.5-?.S, Fig-
ure 10 shows the corrections that must be applied to 
the permissible tank loading when the pH is different 
from the optimum range. There is no need for addition 
























Percent of Maximum Rate of
6 
· 
Denitrification Versus pH 
30 
31 
ated from oxidation of carbonaceous matter in the de-
nitrification unit quickly reduces the pH below 7.5. 
23 
Baumann found that optimum detention times generally 
range from 2 to 8 hours for both anaerobic activated 
6 
sludge and anaerobic filter systems. The E.P.A. sug-
gests using underwater mixers in the denitrification 
tanks with sufficient energy to keep the MLVSS in sus-
pension, yet not enough to enable pickup of atmospher-
ic oxygen (assuming the tanks are open to the atmos-
phere). Power requirements of 1.4-1.2 hp per thousand 
~.:t 
cubic feet have been found to be adequate. 
6 
The E.P.A. states that mixed-liquor solids in the 
range .. of 2,000-3,000 mg/1 can be maintained without 
excessive rates of returning sludge. The volatile 
matter 1n the denitrifying sludges, according to 
E.P.A. studies, is about 65%. Figure 11 shows per-
missible denitrification tank loadings. 
19 
Johnson uses kinetic equations for biological 
growth, substrate utilization, and oxygen uptake to 
describe the denitrification process. For denitrifi-
cation, the oxygen equivalent from the nitrates is the 
independent variable and the substrate supplied is the 
32 
dependent variable. Johnson states that the dissolved 
oxygen equivalent concentration is equal to 48/14 x 
5/6 of the n~trate-N concentration. Table 3 shows 
Johnson's 3 kinetic equations for continuous flow de-
nitrification systems with recycle based on the flow 
diagram of Figure 12, the kinetic constants of Table 
4, and the nitrate reduction rate of F~gure 13. 
19 
Johnson and Schroepfer found the nitrate reduction 
rate for a continuous flow denitrification system 
using milk solids as the carbon source. 
19 
Johnson and Schroepfer define yield as the ratio of 
the net weight of cells produced per unit weight of 
substrate utilized. They state that yields from de-
nitrification processes are lower than those from 
aerobic activated sludge systems. In evaluating chem-
ical compounds, those with the lowest consumptive 
ratios also have the lowest yields. 
6 
The E.P.A. recommends that the plant be capable of 
returning sludge to the denitrification tank of at 
least 50% and preferably up to 100% of the average 
flow. 
6 




KINETIC EQUATIONS FOR DENITRIFICATION 
s - s 
0 1 
r 
= detention time,days 
- dissolved oxygen equivalent concentration,mg/1 
- concentration of carbon substrate in the in-
flow to the reactor,mg/1 
- desired substrate concentration in final eff-
luent,mg/1 
= VSS concentration 1n reactor effluent 
- VSS concentration in sludge recycle 
- ratio of sludge recycle flow to raw flow rate 
-1 
= specific growth rate,days (constant) 
a' = dissolved oxygen concentration uptake due "to 
b 
substrate utilization,mg o/mg BODs used 
(constant) 
-1 
= VSS decay constant,days (constant) 
b' = dissolved oxygen uptake by endogenous activity 
of sludge,mg 0/mg VSS/day(constant) 
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Fig. 11 -- Permissible Denitrification-

















KINETIC CONSTANTS FOR DENITRIFICATION 
b' b y 
0.6-Q.8 0.1 0.1 2.5 150 0.2-0.5 
( Monod Equation ) 
1n which k = saturation constant 
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R=8.45F + 0.14 
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F: Sludge Loading 
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mum surface overflow rates of 1,200 gallons per square 
foot per day at peak flows for settling tanks follow-
ing denitrifi~ation. Skimming facilities should be 
provided with provisions to return scum to denitrifi-
cation tanks when desired. 
III.ANALYSIS OF PLANT PERFORMANCE 
INTRODUCTION 
39 
The subject facility for which this research was under-
taken is the University Shores Sewage Treatment Plant, 
located just east of Orlando, Florida (See figure 14 
through 16). The original facility was a 125,000 gpd 
trickling filter plant which went into operation on the 
present plant site on August 11, 1959 (Table 5 lists de-
sign considerations for the old trickling filter plant) . 
This plant was not meeting state standards for 90% re-
moval of BODs and suspended solids. Furthermore, the 
plant discharged effluent to the Little Econlockhatchee 
River. This effluent averaged 9.99 mg/1 total nitrogen 
and 7.84 mg/1 total phosphorous (See Table 6). These 
levels _exceeded the background levels of the receiving 
stream, thus violating county standards. In late 1972, 
construction began on the upgrading of the plant to a 
275,000 gpd extended aeration facility with provisions 
for nitrogen and phosphorous removal. This new facility 
went "on-line" in March of 1974. The purpose of this 
research is to review the design of the new facility and 
suggest procedures for operating the plant with respect 







Scale: 1"=78 Miles 
Fig. 14 General Location Map -
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Fig.l6 . --Detailed Location Map-University 
Shores Sewage Treatment Plant, 
Orlando,Florida. 
TABLE 5 
DESIGN CONSIDERATIONS FOR THE OLD 125,000GPD 
TRICKLI-NG FILTER PLANT 
Primary Clarif-ier 
High Rate Filter 
Secondary Clarifier 
Chlorine Contact Tank 
Polishing Pond 
Sludge Digester 
Sludge Drying Beds(2) 
2 hr. detention time 
26.6 mgad 
2 hr. detention time 
20 min. detention time 
2.3 g~d/ft.2 




SUMMARY OF SAMPLING ANALYSES OF EFFLUENT 
(BEFORE Cl2) WASTE CHARACTERISTICS 
OLD TRICKLING FILTER PLANT 
AVERAGE RANGE OF NO. OF 
PARAMETER VALUE VALUES SAMPLES 
BOD 39 4-70 26 
s.s. 40 14.5-85 12 
pH 7.7 7.1-8.8 10 
Ortho-P 7.5 4.32-10.7 9 
Poly-P 0.69 0-4.0 7 
Total-P 7.84 4.58-11.0 7 
N02-N 0.156 0.077-0.250 10 
N03-N 0.57 0.08-1.47 8 
NH3-N 4.65 1.32-12.88 10 
Org-N 4.53 2.12-6.96 10 
TKN 9.17 5.28-17.40 10 
Total-N 9.99 6.15-17.98 8 
Note: The above data was averaged over the sampling 
period of October 1972 to February 1974. 
44 
Source: Orange County Pollution Control Department, Univer-
sity Shores Utilities, and Florida Technological 
University Research Department. 
45 
PLANT DESIGN 
Figure 17 and Table 7 show the flow diagram for the 
new extended aeration denitrification plant and the 
various design dimensions respectively. Raw sewage is 
pumped to the plant proper by 2 raw sewage pumps of 
230 g.p.m. capacity each. The raw sewage passes 
through a ste~l inlet structure and cornminutor. A bar 
screen bypas~ is also available for screening of raw 
sewage in the event of comminutor servicing. The. raw 
sewage then enters a surge tank with a 12-hour deten-
tion time at design flow. Two blowers deliver 200 
c.f.m. of air to the surge tank. A flow regulator lS 
located at the outlet of the surge tank to allow the 
flow of the plant to be regulated at 200 g.p.m. with 
the e~cess flow being diverted back to the surge tank. 
The sewage enters an aeration tank with a detention 
time of 24 hours at design flow. There 1s a return 
sludge inlet to the aeration tank for sludge which is 
wasted from the two clarifiers. Provisions are also 
made for pumping alum or sodium aluminate from a 5,800 
gallon fiberglass tank to the aeration tank. Sewage 
from the aeration tank then enters a 30 foot diameter 
clarifier at an overflow rate of 389 gpd/ft2 at design 
flow. Sludge is wasted from the clarifier either back 


















































































































































































































































































































































































































































































































































































DESIGN CONSIDERATIONS FOR THE NEW 275,000GPD 
29 









Chlorine Contact Tank 
Aerobic Sludge Digester 
Sand Beds 
Phosphate Removal System 
Fiberglass Tank 





















Sludge wasted from the digester is routed to sludge 
drying beds. The clarifier effluent flows to a deni-
trification tank with a detention time of 2.2 hours at 
design flow. The denitrification tank has three com-
partments separated by baffle walls. Two mechanical 
mixers 1n the denitrification tank each have the ca-
pacity to turn over the volume of the tank twice each 
minute. Also, a methanol feed system running from a 
1500 gallon methanol storage tank and pump is located 
at the head of the denitrification tank. Effluent from 
the denitrification tank then goes to a postaeration 
tank with a detention time of 1.2 hours at design flow. 
Effluent from the postaeration tank then goes to a 
flocculation tank with provisions for alum and poly-
electroyte feeding. The polyelectrolyte chemical feed 
system includes a pump and two 100 gallon mixing tanks 
with mixers. The flocculation tank has three compart-
ments divided by partition walls, and has a detention 
time of 23.5 minutes at design flow. Effluent from the 
flocculation tank goes to a final clarifier which is 
identical in s1ze to the first clarifier. Waste sludge 
from the final clarifier is returned to either the de-
nitrification tank, the digester, or the aeration tank. 
Effluent from the final clarifier then flows to a sec-
ond flocculation tank where alum and polyelectrolytes 
may be added. Effluent from this flocculation tank is 
50 
routed to a liquid level control unit, which feeds the 
effluent to a microscreen with a microstraining fabric 
of 25 micron retention. A bypass is provided from the 
liquid level control to the chlorine contact tank in 
the event of microscreen servicing. Solids from the 
microscreen are routed back to the aeration tank. The 
effluent from the microscreen travels to the chlorine 
contact tank with a detention time of 37.2 minutes at 
design flow. Chlorine is introduced at the head of 
the tank. 
The effluent from the chlorine contact tank travels to 
a polishing pond with a detention time of 7.1 days at 
design flow. From here the effluent travels through 
an outfall pipe to a tributary of the Little Econlock-
hatchee River. 
PLANT EFFICIENCY 
Sampling and analyses of the University Shores Sewage 
Treatment Plant were performed by three different en-
tities: the University Shores Utilities Company, the 
Orange County Pollution Control Department{OCPCD), and 
the research staff of Florida Technological University 
(FTU). Both grab samples and composite samples were 
. 51 
taken. Analysis was performed according to either Stand-
ard Methods for the Examination of Water and Wastewater 
or to the Environmental Protection Agency's Methods for 
Chemical Analysis of Water and Wastes. The exception is 
the nitrate and nitrite analysis performed ~y Florida 
Technological University's research staff, in which the 
Hach Kit Test Method was used. 
Raw waste characteristics given 1n Table 8 indicate a 
typical domestic waste entering the plant. While remov-
al efficiencies for the old trickling filter plant were 
below 90% for BODs and suspended solids, the new extend-
ed aeration-denitrification plant is obtaining removal 
efficiencies averaging 97.7% and 88.8% for BODs and sus-
pended ~olids respectively before the microscreen, and 
97.S% and 9S.S% for BODs and suspended solids removal 
respectively following the polishing pond. It should be 
noted that the present average daily flow rate of 
100,000 gpd, resulting in extremely long detention times 
in the plant, is a definite factor involved in the pre-
sent high degree of treatment. 
It is apparent from Tables 8 and 9 that while total phos-
phorous is being removed by only 30%, total nitrogen is 
being removed from the plant by 80% without the use of 
52 
T~LE 8 
SUMMARY OF SAMPLING ANALYSES 
OF INFLUENT WASTE CHARACTERISTICS 
AVERAGE RANGE OF NO. OF 
PARAMETER VALUE VALUES SAMPLES 
BODs 238 85-410 28 
s.s. 228 57-864 28 
pH 7.4 6.8-8.0 52 
Ortho-P 0 
Poly-P 0 
Total-P 10.5 10.5 1 
N02-N 0.047 0.013-0.200 6 
N03-N 0.331 0-1.487 6 
NH3-N 14.4 7.2-22.7 10 
Org-N 9.68 7.2-15.0 8 
TKN 22.48 14.41-32.9 8 
Total-N '24.17 14.41-32.94 6 
Note: The above data was averaged over the sampling 
period of October 1972 to July 1974. 
TABLE 9 
















) WASTE CHARACTERISTICS 
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Note: The above data reflects averages taken over the 
period of March 1974 to July 1974. 
53 
54 
methanol. The total nitr~gen average in the plant ef-
fluent (before c12 and polishing pond) is 4.90 mg/1, 
which is not far apove advanced waste treatment levels 
as defined by the Florida Department of Pollution Con-
trol. 
It appears that extensive nitrification is being achiev-
ed in the aeration tank, probably because of the extrem-
ly long detention time (almost 3 days) . This theory 
could be further documented by sampling ammonia nitrogen 
and nitrate nitrogen before and after the aeration tank. 
Furthermore, it is possible that the present detention 
time of 33 hours in the surge tank could be causing 
conversion of some of the organic nitrogen to ammonia. 
This would explain the rather low organic nitrogen lev-
els found in the influent to the aeration tank. It is 
also possible that the introduction of air into the 
surge tank by the blowers is converting some of the am-
monia to nitrites and nitrates. 
It also appears that denitrification is occurr1ng in the 
denitrification tank without methanol addition, as the 
nitrate nitrogen levels in the final clarifier are rela-
tively low (3.98 mg/1). The present detention time in 
the denitrification tank is 6 hours which is adequate 
55 
for denitrification. A further explanation for the 
occurence of denitrification without the use of methanol 
is the recycling_o.f sludge from the final clarifier back 
into the denitrification tank. This sludge may be act-
ing as a carbon source for the denitrifying· bacteria. 
Since no attempts have yet been made to remove phosphor-
ous from the wastewater, the low removal rates currently 
being obtained are expected. 
Although the University Shores Sewage Treatment Plant is 
currently operating at high efficiencies, the plant is 
underloaded and therefore, certain suggestions are war-
ranted for operating the plant at future flows in excess 
of the current 100,000 . gpd flow. Table 22 in Appendix B 
shows a suggested sampling program for the plant. Cal-
culations for the design and operation of the plant are 
also given in Appendix B. These calculations are based 
on the design flow of 275,000 gpd. 
Calculations which were performed on plant design com-
pared EPA's suggested design and operating criteria with 
the existing plant design. Denitrification kinetics as 
reported by Johnson and Schroepfer were also used in the 
calculations. Results indicate that the design of the 
56 
existing plant should have no trouble meeting minimum 
design and operating procedures for nitrification-deni-
trification. 
Cost figures (See Table 24) show that the capital cost 
of the existing facility was $126,956. Operating costs J{ 
at present flow (100,000 gpd) are estimated at $30,700 ~ 
per year. This includes labor and electricity. Chlo-
rine costs are not included. The cost for operating 
the facility with nitrogen removal (using methanol) at 
design flow is estimated at an additional $7,930/year. 
Chemical costs are as follows: 
methanol - 5¢/1000 gallons 
lime - 2.9¢/1000 gallons 
This assumes 100% reduction of nitrogen 1n the effluent. 
After evaluating cost factors and present removal effi-
ciencies of the plant, it is apparent that any provi-
Slons for nitrogen removal by addition of methanol ~ 
would not, at this time, be economical. As for phos-
~ ~
phorous, limited data on present effluent concentra-
tions indicate that some form of phosphorous removal 
system is needed to meet AWT standards. This data 
should be further reinforced by obta~ning additional 
samples of plant influent and effluent and analyzing 
57 
for phosphorous. 
After an extensive review of present literature per-
taining to biological nitrification-denitrification, 
it is apparent that many variables affect the process. 
58 
IV. CONCLUSIONS AND RECOMMENDATIONS 
Based on both an extensive review of the literature 
pertaining to nitrogen removal by biological nitrifica-
~ .. -· 
tion-denitrification, and a review of the design of the 
University Shores sewage treatment plant, the following 
conclusions and recommendations are made: 
1. In order to accomplish complete nitrification 
in the aeration tank, the pH should be kept 
between 7.6 and 7.8. Lime will b~needed in 
_.,...--_ r-----. ----
the aeration tank for pH control. Based on 
present ammonia nitrogen concentrations enter-
ing the aeration tank, the cost of lime will be 
approximately 2.9¢ per thousand gallons at de-
sign flow. Optimum food :microorganism ratios 
~ and mixed liquor volatile suspended solids 
(MLVSS) concentrations in the aeration tank will 
all have to be determined experimentally. Past 
studies indicate that optimum sludge age will 
be greater than six (6) days, while optimum 
mixed liquor volatile suspended solids (MLVSS) 
concentrations will probably be in the range of 
1,500 mg/1-2,000 mg/1. Dissolved oxygen levels 
in the aeration tank should be maintained bet-
ween 1.0 mg/1 and 3.0 mg/1. 
59 
2. In order to accomplish complete denitrification, 
the pH in the denitrification tank should be 
kept in the range of 6.5 to 7.5. The carbon di-
oxide generated in the denitrification tank 
should reduce the pH below 7.5 and thus elimin-
ate the need for addition of chemicals to lower 
the pH. Mixed liquor volatile suspended solids 
(MLVSS) concentrations in the denitrification 
tank should be approximately the range as in the 
nitrification tank. The dissolved oxygen levels 
should be less than 0.5 mg/1. 
3. Based on calculations performed on design para-
meters for nitrification-denitrification, the 
- present plant design of the University Shores 
sewage treatment plant sh9uld be adequate for 
removing nitrogen to the level of 1.95 mg/1 re-
quired by County standards. 
4. The University Shores sewage treatment plant is 
currently obtaining excellent removal efficien-
cies for Bon5 , suspended solids, and total nl-
trogen. The reason for this appears to be both 
the relatively low flow (100,000 gpd) of waste-
water entering the plant and the lengthy deten-
60 
tion times resulting from this low flow. 
5. The estimated increase in yearly operating costs 
for removing all of the nitrogen from the waste-
water effluent would be $7,930. This is based 
on an influent to the denitrification tank with 
the following theoretical characteristics: 
r----
Nitrate-N - 15.0 mg/1 ~ 
Nitrite-N - 3.0 mg/1 
D.O. 4.0 mg/1 
A future sampling program should be initiated 
at the University Shores sewage treatment plant 
to determine actual denitrification tank influ-
ent characteristics. Nitrates and nitrites 
' should be analyzed according to Standard Methods. 
The Hach Kit Method was found to be unreliable, 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SUGGESTED SAMPLING PROGRAM FOR THE UNIVERSITY SHORES 
SEWAGE TREATMENT PLANT 
4-l 
~ ~ u 
0 Q) ctj '0 .,.... Q) ~ ·r-f 4-l s:: 
4-l 0 s:: 44 s:: rl s:: 0 ro '0 ·r-f 0 ·r-f 0 Q) 0 P-f u ::s 4-l ·r-f ~ ·r-f :>r-f u 
~ ·r-f r-i ctj 4-l ctj 4-l Q) 0 
r-iQ) s:: Q) J...f 44 (/.) ~ ctj rl ctj ...:t ~ Q) s:: 
Ot]) 0 ·r-f Q) ·r-f ~ Q) r-i~ u r-f~ 4-l s::~ ·r-f 
~J...f r-f s:: 4-4 +J J...f s:: s:: ~ ::s s:: ::s s:: res:: ·r-f s:: ..c: 
....._~ ~ ·r-f Ul 4-l ctj J...f I u ctj r-f u ctj ·r-f 0 ~ ctj Ul 
Ul ctj ::s J...f Q) ·r-f E-t ::s 4J UE-t ctj UE-t ::su 08 ·r-f 
~ ~ 
ctj tJ. s:: 4-l Ul 0 s:: 0 tJ1 r-i r-f 
Q) Q) ,-; ·r-1 Q) Q) 0 r-i ·r-1 r-f ·r-f ..c: 0 
P::: ~ u 0 Cl P::: P-f Ji.4 Ji.4Ji.4 ...:t u P-f 
Flow X X X X 
Temp. X X X X 
pH X X X X X X X X X X X X X X 
Alk. X X X 
D.O. X X X X X X 
BODs X X X X X X X X 
COD X X X X 
TOC X X X X X X X X 
T.S. X X X 
s.s. X X X X X 
v.s.s. X X X X X 
Sett.S. X 
N02-N X X X X X 
N03-N X X X X X 
NH3-N X X X X 
Org-N X X X 
Ortho-P X X X X X 
Poly-P X X X X X 









COST ESTIMATES FOR ALUM AND LIME 26 
Alum (hydrated) : 
$6.75 I 100-weight (available 1n 100-lb.bags) y/ 
Lime(hydrated) : 
$4.50 I 100-weight (available in 50-lb.bags) V 
CALCULATIONS FOR PLANT DESIGN AND OPERATION 
NITRIFICATION TANK CAPACITY 
Given: 
Design Flow ~ _ .275 mgd 
Avg. Concentration to Nitrification 
Tanks = 14.4 mg/1 
Minimum Temperature - l0°c 
Operating pH= 7.8 
MLVSS Concentration = 1,500 mg/1 
Computed: 
1, NH 3 Load 
a. Average = .275xl4.4x8.34 = 33 lb./day 
b. Maximum= 33xl.5 = 49.5 lb./day 
2. Tank Volume at 10 C,MLVSS = 1,500 mg/1 
a. From Figure 9,Volumetric Loading = 
8.2 lb. per 1000 cu.ft. 
b. Tank Volume = (49.5/8.2)xl000 = 
3 6,036 ft. 
c. Tank Volume Adjusted to pH 7.8 
(See Fig. 5) = 6,036/0.88 = 
6,859 cu.ft. 
d. Check Detention Period = 
6,859x24x7.48/275,000 = 
4.48 hr. 
Actual Loading and Detention Time for University 
Shores Treatment Plant: 
Given: 
Aeration Tank Volume = 36,912 cu.ft. 
Computed: 
Volumetric Loading = (49.5/X)xlOOO = 
36,912 cu.ft. 
85 
therefore, X = 1.34 lb. NH 3-N per 1000 cu.ft. 
Detention Time = 36,912x24x7.48/275,000 = 
24 hr. 





1. N0 3-N + N02 -N Loading = 
a. Average = .275x8.34xl5 = 34.4 lb./day 
87 
b. Peak = 34.4xl.5 = 57.6 lb./day 
2. Tank Loading @ 10 C,optimum pH(From Fig.ll) = 
26.8 1b./1000 cu.ft. 
3. Tank yo]ume at MLVSS = 2,000,optimum pH= 
1,925 cu.ft. 
4. Check Detention Period = 
(1,925x7.48x24)/.275 = 1.25 hr. 
METHOD BASED ON DENITRIFICATION KINETICS: 
Given: 
N0 3-N = 15 rng/1 
r=.35 
x3 = 8 ,ooo mg/1 
s 1 = 10 mg/1 
a' = 0.61 mgO/mg BOD 
b' = 0.10 mgO/mg vssJday 
b = 0.10 days-1 
Y = 0.45 mg VSS/mg BOD 
k1 = (2.5xl0)/(150 + 10) = .16 days-~ 
Computed: 
1. Dissolved Oxygen Equivalent Concentration, 
(00 ) ,mg/1 = 15x48/14x5/6 = 43 mg/1 
The following are computed by solving the 3 equations 
, given in Table 3 simultaneously: 
2. BOD5 in raw flow(S 0 ) = 58.3 mg/1 
3. VSS concentration 1n reactor(X1 ) = 2080 mg/1 4. Reactor Detention Time(t1 ) = 1.56 hr. 
Actual Detention Time and Tank Loading for University 
Shores Sewage Treatment Plant: 
Given: 
Actual Capacity of Denitrification Tank = 
3400 cu.ft. 
~omputed: 
Actual Detention Time = 3,400x7.48x24/275,000 = 
2.2 hours 
Actual Volumetric Loading= (57.6/X)xlOOO = 3,400 
therefore, X = 16.9 1b./1000 cu.ft. 
Detention Time @ Maximum Flow = 
3,400x7.48x24/275,000xl.5 = 1.46 hr. 
METHANOL .REQUIREMENTS 
Given: 
Design Flow= 275,000 gpd 
Avg. Nitra~~~N Concentration=l2.0 mg/1 
Avg. Nitrite-N Concentration= 3.0 mg/1 
Avg. D.O. Concentration = 4.0 mg/1 
Computed: 
Pounds per day methanol required = 
(2.47 X 12.0 X .275 X 8.34) + 
(1.53 X 3.0 X .275 X 8.34) + 
(0.87 X 4.0 X .275 X 8.34) = 86.5 
SLUDGE PRODUCTI'ON FROM DENITRIFICATION 
Given: 
Methanol Fed= 86.5 lb./day 
Computed: 
0.21 lb. sludge produced/lb. methanol fed 
x 86.5 lb. methanol fed/day 
18.2 lb. sludge produced/day 
COST OF METHANOL 
Given: 
Cost of methanol = $0.95/gallon for 10 or more 
drums ( 55 gallons each) 
Methanol to be fed= 86.5 lb./day 
Density of Methanol= 6.6 pounds/gallon 
Computed: 
Cost per day- 86.5 lb./6.6 lb. per gallon x 
$0.95/gallon 
- $12.45/day 
Cost per year - $12.45 x 365 - $4,544.53 
Cost/100 gal. = $0.05 
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COST OF HYDRATED L'IME 
Given: 
Cost of hydrated lime = $4.50/100 pounds 
Lime requirement to maintain pH in 
nitrificatiDrr· tank = 5.4 lb./lb. NH4-N 
NH4-N entering aeration tank = 14.4 mg/1 
Computed: 
Cost of lime per day = 5.4 x $4.50/100 x 14.4 x 
.275 X 8.34 
- $8.03 
Cost of lime per year = $8.03 x 365 
= $2,931 




CAPITAL AND OPERATING COST ESTIMATES FOR 
THE UNIVERSITY SHORES SEWAGE TREATMENT PLANT2 8 
Capital Cost of Facility - $126,956 
Operating Costs 
Labor 
1 licensed operator - $ 300/month 
1 operator $ 11,500/year 
1 automobile $ 100/month 
(expenses) 
1 assistant $ 300/month 
Total $ 19,900/year 
E·le·ctrici ty $ 10,800/year 
Total Operating Costs* - $30,700/year 
*No available figures on chlorine expenses. 
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